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Abstract
Blood Oxygen Level Dependent (BOLD) functional Magnetic Resonance Imaging (fMRI)
utilizes pulse sequences sensitive to changes in concentration of deoxyhemoglobin to
indirectly measure neural activity. Sequences used for BOLD are sensitive to magnetic
susceptibility differences that may cause signal voids. Our lab has designed an awake
marmoset head coil that eliminates confounds associated with imaging an animal under
anesthesia. This design requires a head chamber attached to an animal’s skull with a cement
that may cause a susceptibility artifact. Motivation behind this project was to find an MRI
compatible cement that remains secure to the skull with minimal artifacts. Four commercially
available cements DuoLink Universal, BisFil, BisCem and CoreFlo DC were scanned with
Spin-Echo (SE), Gradient-Echo (GE), and Gradient-Echo Echo Planar Imaging (GE-EPI)
sequences on brain mimicking phantoms. Additionally, each cement was attached to bone
and attempted to be removed. Only CoreFlo DC passed both criteria, being deemed MR
compatible.
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Summary for Lay Audience
Blood Oxygen Level Dependent (BOLD) functional Magnetic Resonance Imaging
(fMRI) is an imaging technique that is sensitive to changes in concentration of
deoxyhemoglobin. When neural activity occurs, there is a change in the amount of blood
flow, and thus concentrations of deoxyhemoglobin, the oxygen free protein found in red
blood cells. The ability to detect changes in deoxyhemoglobin concentration, allows us to
measure the BOLD signal which is an indirect measure of neural activity. When neural
activity occurs, the BOLD signal lags behind, proportional to the amount of neural activity
occurring at one time.
BOLD fMRI is sensitive to magnetic susceptibility differences of substances.
Magnetic susceptibility refers to the amount a substance is magnetized in an external
magnetic field. While BOLD imaging is measuring the microscopic magnetic susceptibility
differences, between oxy and deoxyhemoglobin, there are larger scale macroscopic
susceptibility differences that may occur, such as between bone, air, and tissue. These
macroscopic susceptibility differences can lead to portions of an image with signal loss,
appearing blacked out.
In fMRI research, animal models are used to answer fundamental or experimental
questions. Our lab has designed an awake marmoset head coil that minimizes motion and
allows for imaging without anesthesia, as anesthesia can reduce the BOLD signal, among
other confounds. This design requires a head chamber to fit in our head coil that is attached
to an animal’s head via a cement. This cement, however, could produce a susceptibility
artifact, leading to signal loss. The goal of this project was to find an MRI compatible cement
that produces minimal artifacts and remains secure to the skull.
Four commercially available cements, DuoLink Universal, BisFil, BisCem, and
CoreFlo DC were each attached to brain mimicking phantoms. Each cement was scanned to
visualize if any artifacts were present. The four cements were then attached to bone and were
attempted to be removed over a six-day period. Only CoreFlo DC produced minimal artifacts
and remained secure to bone. In conclusion, CoreFlo DC was deemed MRI compatible and
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capable of being the cement used for head chamber placement, allowing for functional
imaging.
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Chapter 1
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General Introduction

The objective of this chapter is to highlight the background information needed for
conceptually understanding this work. Section 1.1 begins by laying the foundation for
this research, followed by a summary on magnetic resonance imaging and its applications
(1.2). Section 1.3 touches on magnetic susceptibility, why we need to be cautious of
susceptibility differences and how to alleviate susceptibility artifacts. In section 1.4
animal research is discussed as a whole while also diving deeper into types of animals
and awake vs anesthetized recordings. The following section (1.5) showcases our
integrated radiofrequency array and animal holder design that allows for awake
recording. Section 1.6 highlights the benefit of using phantoms in research. Finally,
section 1.7 addresses the thesis objectives and hypotheses.

1.1 Motivation and Rationale
Blood Oxygen Level Dependent (BOLD) functional Magnetic Resonance Imaging
(fMRI) relies on utilizing pulse sequences sensitive to changes in concentration of
deoxyhemoglobin. These sequences allow for the ability to measure the BOLD signal,
which is an indirect measure of neural activity. Sequences used for BOLD imaging are
sensitive to magnetic susceptibility differences, the amount a substance is magnetized in
an external magnetic field. These susceptibility differences can cause large signal voids,
making images difficult to interpret. While BOLD imaging measures the microscopic
magnetic susceptibility differences between oxy and deoxyhemoglobin, there are larger
scale macroscopic susceptibility differences that may occur, such as between bone, air,
and tissue. In fMRI research, animal models are used to answer a number of fundamental
or experimental questions. Our lab has designed an awake marmoset head coil that allows
for both structural and functional magnetic resonance imaging (Schaeffer, 2019). A
benefit of the awake approach is that it eliminates the need to anesthetize animals for
imaging as anesthesia can cause a number of confounds such as a reduction in the BOLD
signal. Motion is also limited in this design as each animal is equipped with a head
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chamber that is connected to the skull via a cement. This head chamber fits inside our
awake marmoset head coil, and is hollow in design, allowing for the opportunity to
implant electrodes or other probes inside the head chamber. Implanting electrodes allows
for the ability to simultaneously record both functional Magnetic Resonance Imaging
(fMRI) and electrophysiology, further shedding light onto the relationship between the
Blood Oxygen Level Dependent (BOLD) signal and electrophysiology local field
potentials. One issue with this approach however, and motivation behind this research is
that the cement needed to connect the head chamber to the skull may cause a
susceptibility artifact and loss of signal. Thus, the overarching motivation behind this
project is to find a Magnetic Resonance Imaging (MRI) compatible cement/adhesive that
can be used in this neuroimaging research with minimal artifact. Finding an MR
compatible cement that allows for awake imaging will expand this protocol to study a
breadth of areas such as structural and functional imaging, resting-state vs task-based
activity, and for simultaneous recording via electrode implantation.

1.2 Magnetic Resonance Imaging
1.2.1

Overview

Magnetic resonance imaging has been used as a key tool for medicine and scientific
research, in large part due to its non-invasive nature. MRI allows for investigation in a
wide range of fields, not only improving our understanding of brain structure and
function, but also the entire body, allowing us to study normal body function and
congenital or acquired dysfunction (van Beek et al., 2019). As the field of MRI
progressed, the first two-dimensional image was produced in 1971, whereas the first full
body scan was completed in 1977 (Lauterbur, 1973; Hinshaw et al., 1977). In terms of
image quality, MRI has high spatial resolution, allowing for very detailed images where
small structures can be distinguished. In terms of brain imaging, MRI allows for the
separation of the different tissue types by having image contrasts where one can
differentiate the gray matter (GM), white matter (WM) and cerebrospinal fluid from each
other (Grover et al., 2015). At a more refined scale, you are also able to discern structures
within GM and WM, and monitor flow among other possibilities.
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1.2.2

Functional Magnetic Resonance Imaging

Magnetic resonance can be divided into three core areas, namely structural, functional
and metabolic applications (Symms et al., 2004). For the purpose of this study, fMRI is
the focus.
Functional magnetic resonance imaging (fMRI) is based on the Blood Oxygen Level
Dependent (BOLD) signal which allows for the ability to indirectly measure brain
activity (Ulmer, 2013). BOLD fMRI indirectly detects neural activity by detecting
changes in blood oxygenation concentration of oxygenated and deoxygenated
hemoglobin. When there are fluctuations in brain activity, there are changes in the total
amount of deoxygenated hemoglobin in an area. These changes in deoxygenated
hemoglobin depend on extraction of oxygen, changes in blood flow and blood volume
(Ogawa et al.,1990). As more oxygenated blood rushes into an area during brain activity,
there is more oxygenated hemoglobin in comparison to deoxyhemoglobin. When neural
activity occurs, there is an indirect relationship between oxygen supply and demand,
causing far more oxygen supplied to an area of neural activity than can be consumed
(Hillman., 2014). Deoxygenated hemoglobin is paramagnetic and has a susceptibility
difference as compared to diamagnetic materials such as oxygenated hemoglobin and
tissues (McRobbie et al., 2008). This causes a local frequency shift in when
deoxyhemoglobin is present which leads to a signal dephasing. These dephasing changes
are detected on a per voxel basis as a signal loss. As dephasing occurs more rapidly, the
transverse relaxation is shortened. When there is neural activity in the brain the active
brain regions have more oxygenated hemoglobin compared to deoxygenated hemoglobin,
leading to less dephasing, and a higher signal when compared to the rest of the brain. The
BOLD contrast is when an influx of oxyhemoglobin causes a decrease of
deoxyhemoglobin, and therefore an increase in signal (Ogawa et al., 1990). Therefore,
areas with no change due to BOLD will be less pronounced during imaging, whereas
areas with brain activity will change in response to that neural activity.
The BOLD signal we observe is an indirect measure of neural activity, since the BOLD
signal is a hemodynamic response to neural activity, lagging behind it. As mentioned in
the previous paragraph, these changes in blood flow, blood volume and oxygen extraction
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correspond to activation of neurons (Ulmer, 2013). As we see in Figure 1, when neural
activity occurs, there is a brief delay in the onset of the BOLD signal, meaning that we
infer neural activity from the BOLD signal. This BOLD signal begins with an initial dip
with a duration of about 1-2 seconds, which has been attributed to an increase of local
deoxygenated hemoglobin due to activity in the brain (Kim & Ogawa, 2012). Following
the initial dip, there is increased demand for oxygenated blood in the area, greater than
baseline levels. This results in a peak in blood oxygenation levels, as a result of the
decrease in the local amount of deoxyhemoglobin (Huettel et al., 2009). After the peak
there is a decrease in signal that ultimately leads to the poststimulus undershoot (Hoge et
al., 1999). A hypothesis to explain this undershoot, proposed by Buxton and colleagues
(1998), is the Balloon model, where there is first an inflow of blood that is greater than its
outflow (i.e a balloon effect), which then causes the venous system to expand. After the
completion of neural activity, the blood volume remains high while the blood flow
decreases more rapidly causing a larger amount of deoxyhemoglobin to remain leading to
signals below baseline level (Huettel et al., 2009; Hoge et al., 2009). Eventually blood
volume, flow, and hemoglobin levels will return to baseline (Frahm et al., 1996). This
undershoot reduces the fMRI signal in an area for a brief period of time and will
eventually stabilize back to normal after the undershoot ends. This leads to a darker
portion of an image when there is an active undershoot. The BOLD signal has been found
both in animals and humans and studied to further understand local perfusion changes
(neurovascular coupling) due to neural activity (Kim et al., 2000; Ernst and Hennig,
1994; Menon et al., 1995).

5

Figure 1. (Barth & Poser, 2011) BOLD response to a brief stimulus. Baseline is at zero,
the BOLD response measures local blood oxygenation and follows a pattern of an initial
dip, a peak and an undershoot until reaching baseline level once again.
In order to detect BOLD contrast and acquire images, we require a susceptibility
weighted pulse sequence. Susceptibility is the extent to which a given tissue is
magnetized in its current magnetic field (Duyn, 2013). The pulse sequence most
commonly used for fMRI is Gradient-Echo Echo-Planar Imaging (GE-EPI). This pulse
sequence is needed to detect the changes in susceptibility between both oxygenated and
deoxygenated hemoglobin, as well as tissues. The sequence has one RF pulse with a
number of gradient pulses used to localize MR signals (McRobbie et al., 2008). Each
slice of an image uses this sequence and once acquired, a new slice begins until the whole
area is covered, using many RF and gradient pulses. GE-EPI used for BOLD imaging is a
form of T2 relaxation, known as T2*. The main difference from conventional T2 and T2*
is that in T2, there is an additional 180-degree RF pulse that is used to rephase the spins
after they first begin to dephase from one another with the initial RF pulse. GE-EPI pulse
sequences additionally detect magnetic field inhomogeneities and small inhomogeneities
caused by variations in the amount of deoxygenated to oxygenated hemoglobin
concentrations in a brain area. T2* relaxation measures the difference in dephasing
between spins, and highlights the BOLD contrast, showing where areas of activation are
in the brain. By using a T2* weighted pulse sequence that is sensitive to vascular
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changes, we are able to measure changes in the blood, crucial when measuring the BOLD
signal. Additionally, T2* weighted sequences generate high contrast images in fMRI.

1.2.3

fMRI Applications

Functional Magnetic Resonance Imaging is broken down into two core areas, this being
resting-state fMRI and task-based fMRI. During resting-state, the subject is not presented
with any stimulus, and thus spontaneous brain activity is being monitored. Brain activity
that is spontaneous shows low frequency fluctuations in the BOLD signal. Biswal and
colleagues (1995) were the first to show connectivity in resting state networks. Since
then, resting state studies have been a powerful tool in understanding the functional
architecture of the brain, as areas that are highly connected show high temporal
correlation with one another (Lee et al., 2013; Lv et al., 2018; Pizoli et al., 2011).
While resting-state fMRI focuses on spontaneous activity and understanding resting-state
networks across the brain, task-based fMRI looks at connectivity throughout the brain
when performing a task. These tasks can range from simple motor tasks like tapping your
finger to higher cognitive tasks that require more demand such as memory recall tasks
(Turesky et al., 2018; Hayes et al., 2004). Given that these tasks are evoked with certain
stimuli, there is the possibility to localize brain regions such as the motor cortex or
visualize all the different brain regions required in a task.
Both resting-state and task-based fMRI are used for basic scientific understanding as well
as having clinical implications. It is possible to study patients with a particular disease
such as Alzheimer’s, or those with brain injuries and compare them to healthy controls
(Schwindt and Black, 2009; McDonald et al., 2012). Additionally, fMRI can be used as a
biomarker for the progression of certain diseases (Sperling, 2011). There is a clear need
for fMRI studies in a variety of disciplines, and as information and our understanding
progresses, the potential applications of fMRI studies will only increase.

1.3 Magnetic Susceptibility
One potential issue in fMRI research has to do with magnetic susceptibility.
Susceptibility differences tend to be localized magnetic field inhomogeneities between a
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tissue, air, and or bone. While these changes are generally small, MRI techniques such as
those discussed in the previous section have begun to exploit this by allowing for specific
susceptibility contrasts to be investigated, where tumors, lesions, or other injuries can be
observed more easily (Duyn, 2013). In reference to fMRI, these small changes in
susceptibility underlie BOLD imaging. With BOLD imaging, using a T2* sequence it is
possible to acquire images that are sensitive to the changes in susceptibility caused by
changes in deoxyhemoglobin concentration (Ogawa et al., 1992). Gradient Echo (GE)
T2* weighting, a parent pulse sequence of Gradient-Echo Echo Planar Imaging (GE-EPI)
is sensitive to field inhomogeneities caused by deoxyhemoglobin and helps sensitize the
MRI signal to these susceptibility changes. GE-EPI sequences in comparison to GE
sequences are a much faster, time-efficient sequence that is used for BOLD imaging,
capable of monitoring minute fluctuations in blood flow, volume and hemoglobin
concentrations. Both sequences are sensitive to field inhomogeneities and monitor T2*
relaxation. As mentioned in the previous section, opposed to a GE sequence, a T2
weighted spin echo (SE) sequence is not as sensitive to field inhomogeneities since these
pulse sequences possess a 180-degree pulse which rephases the dephased spins. (Chavhan
et al., 2009). T2 weighing is dependent on spin-spin relaxation whereas T2* is dependent
on spin-spin relaxation and static inhomogeneities in the field caused by the magnet or
susceptibility related distortions. A T2* pulse sequence does not include a 180-degree
refocusing pulse and is driven by field inhomogeneities. In BOLD imaging, T2* is
known as the observed T2 as whereas T2 is considered the natural T2 of a tissue being
imaged (Chavhan et al., 2009).

1.3.1

Magnetic Susceptibility Artifact and Appearance

There are instances where large changes in the magnetic field due to susceptibility
differences cause image artifacts. These susceptibility artifacts cause distortions or signal
voids and often appear between any two materials of different magnetic properties, for
example, air and tissue. (McRobbie et al., 2008). These artifacts typically appear having
reduced signal whereas a pure metal artifact may lose signal in that region completely
due to the fact that metal produces a very large susceptibility mismatch between tissues
and metal leading to rapid dephasing. Aside from signal loss in an area where
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susceptibility differences occur, it has been observed that the artifact protrudes outwards
further and can range in severity based on how strong the magnetic susceptibility
differences are. While these artifacts are caused by inhomogeneities in the magnetic field,
they appear more prominent on GE images than SE images, where susceptibility
differences are at least partially mitigated with the refocusing pulse (McRobbie et al.,
2008). A GE image with a susceptibility artifact may appear as a signal void whereas
with a SE sequence, the image shows less of an artifact as compared to the GE image.

1.3.2

Artifact Correction

While large distortions and signal voids present challenges when analyzing an image,
there are some methods that can be used to alleviate these signal losses. One method to
help minimize susceptibility artifacts is to scan away from a metallic object or areas of
susceptibility mismatches. Additionally, by shortening the echo time, the time between
when the RF pulse was applied and when we measure our signal, there will be less time
for the spins to dephase leading to less signal voids attributed to inhomogeneities.
However, the BOLD signal inherently requires a period of time to be detected, where the
peak is found around 5-6s after stimulus onset and lasts around 25-30s or longer if the
stimulus is prolonged (Barth, & Poser, 2011). In order to acquire the BOLD signal, we
need an echo time sensitive to the BOLD time series. If the echo time is too short we will
cut into the BOLD signal and will be unable to fully measure the signal. While these
methods work in some instances for artifact correction, if you wish to image exactly
where a susceptibility artifact may occur, such as where an electrode is placed, you will
require a new approach. Our lab has found that if you apply a water-based gel (MUKO
SM321N, Canadian Custom Packaging Company, Toronto, Ontario, Canada) around the
surface of a tissue or region of interest, it can minimize signal distortions, and improve
the signal, removing some signal loss (Schaeffer et al. 2019). This method is inspired by
an agarose mixture used in mouse imaging where the head of a mouse was surrounded by
this agarose mixture leading to a more uniform magnetic field, and susceptibility
differences were pushed outwards onto the agar as opposed to remaining over the brain
(Adamczak et al., 2010).
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1.4 Animal Research
1.4.1

History and Types of Animals

The first magnetic resonance signals from animals were detected in 1968 (Jackson &
Langham, 1968). After that period of time, researchers continued to study animals with
magnetic resonance and the first MR images of a rodent were produced 12 years later
(Hansen et al., 1980). Since then, animals have been used in research for a wide variety
of reasons: to answer basic science questions, to compare between species and as clinical
models of various diseases. The most common animal used in research are rodents,
however studies have utilized guinea pigs, reptiles, cats, dogs, pigs, and other species
(Glodek et al., 2016).
A key group of animals studied in MRI are Non-Human Primates (NHPs) as they are a
group of animals that are genetically and physiologically similar to man (Tsao et al.,
2006; Miller et al., 2016). Macaques (Macaca mulatta) and marmosets (Callithrix
jacchus) are two examples of widely studied NHPs. Each of these animals have been
used to study the brain, both viewed as important preclinical animals that can aid
studying injury, fundamental understanding of brain connections as well as investigating
diseased states of the brain (Petrides & Pandya, 2002; Goldman-Rakic ,1999). While
each animal is suitable for a plethora of research purposes, the marmoset is smaller in
size and capable of fitting inside the 9.4T. While a smaller size allows the marmoset to be
scanned at higher field strengths, the marmoset also possesses some important
characteristics that make them an ideal preclinical research animal. As compared to other
NHPs, the marmoset has a smooth lissencephalic cortex making them an ideal candidate
for studying neural architecture of the brain, and layer specific circuits (Solomon & Rosa,
2014; Schaeffer et al., 2019). Additionally, with marmosets being smaller sized animals
as compared to macaques, they are not as strong and are less likely to dislodge any
implants they have. Aside from the benefits over other NHPs, the marmoset also has a
granular dorsolateral prefrontal cortex as opposed to rodents and thus has a brain that
resembles a human more closely (Preuss 1995; Schaeffer et al., 2019).
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1.4.2

Awake vs Anesthetized

While there are a number of different species each capable of being useful animals in
research, there are only a few states an animal may be in during a scan. In an ideal
scenario, an animal would be awake during a scan, as this promotes normal neural
activity as long as appropriate training is used to minimize stress. A problem with this,
however, is that it is difficult to have an animal stay still, which ultimately may lead to
motion artifacts, and cause a disruption of the data. Motion artifacts can lead to ghosting
in images where a copy of the image is displaced in one direction, appearing as a shadow
of the image. The severity of this artifact depends on the amount of movement where
prolonged movement can render a scan unreadable (McRobbie et al., 2008). High levels
of motion degrade temporal analysis in functional studies (Zaitsev et al., 2015).
Researchers have used anesthetic agents to stabilize an animal and scan them while still.
While this approach helps limit motion, it too comes with some drawbacks. Firstly, if an
animal is sick, it may not be able to undergo anesthesia for a long period of time
(Benveniste & Blackband 2002). Additionally, normal cerebral perfusion and brain
activation have shown to be altered or interfered with in animals under anesthesia
(Hendrich et al., 2001; Lahti et al., 1999). These changes can have drastic effects on the
BOLD signal, neural activity and interpreting findings. When comparing an awake
animal vs an anesthetized animal, the BOLD signal was lower while an animal underwent
anesthesia (Goense & Logothetis, 2008). Not only do anesthetic agents cause a reduced
BOLD signal but using anesthetics cause reduced functional connectivity estimates and
results are less generalizable, as the results differ with different anesthetics agents used
(Williams et al., 2010; Hori et al., 2020). Taken together, while anesthetics have merit in
some regard, for functional imaging the use of anesthesia produces a number of
confounding effects, making the results difficult to interpret.

1.5 Awake Marmoset Holder
In 2019, our lab designed an integrated radiofrequency array and animal holder design
(Schaeffer, 2019). This design was made for awake marmoset imaging and reduces head
motion. With the capabilities of scanning an awake animal in this design, this model
removes the drawbacks of anesthetic use, allowing for BOLD activation to be monitored.
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A diagram of the system is illustrated in Figure 2. Here, an animal would lay in a sphinx
position where the body is secured in the clear tube-like portion of the design at the back
of the image. The body is secured in place by a tail plate in the far back as well as a neck
plate near the front. Once the neck plate is on, the head of the animal is then secured,
limiting head movement. Additionally, at the front of the image is space able to house a
small camera used for eye tracking that can be used for simple animal monitoring or
tracking eye movements while an animal is engaged in a task such as watching a movie.
The body of the animal is secured inside the clear tube by the back tail plate, further
limiting the amount of movement possible. This design has been used both in resting
state studies as well as task-based fMRI.

Tail Plate
Neck Plate

Nec
Coil hinge pins
Retractable coil clamp

Nec
Nec 2. Integrated radiofrequency array and animal holder. A marmoset would lie in
Figure
sphinx position, having the body secured by the tail, and neck plates. Next, the animal is
head fixed at the front of the image and secured into a steady position by the coil hinge
pins and retractable coil clamp.

A key component of our animal holder design is a head chamber that is surgically
implanted onto the skull of a marmoset. This head chamber is hollow in the center, and
equipped with four holes, perfectly fitting into the corresponding four pegs in the
retractable coil clamp as depicted in Figure 3. The use of these pegs is to firmly secure
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the animal in place, allowing for high quality MRI images to be acquired. In order to
secure the head chamber onto the skull, an adhesive cement is used to join the skull and
head chamber together Figure 4A. The cement acts like a glue where one layer is the
skull, the second layer is the cement, and the third layer is the head chamber itself. When
the animal is secured in place, a water-based gel covers the hollow portion of the head
chamber Figure 4B. Together with the cement, head chamber, gel and entire animal
holder design, awake marmoset imaging can be performed in our high field strength 9.4T
scanner.

Nec

Pegs

Nec

Retractable coil clamp

Nec

Figure 3. Marmoset coil when closed. Of focus is the retractable coil clamp and four
pegs, used to secure the head in place, further limiting motion while exposing the head
for imaging. Overtop of and inside the hollow portion of the head chamber gel is
Nec
administered, used to minimize susceptibility artifacts.
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B
A

Gel

Nec

Nec

Nec

Figure 4. Marmoset coil when closed on an open head chamber. A) The open head
chamber is secured in place with the retractable coil clamp, fitting into each of the four
pegs. Cement is used to connect the head chamber to a 3-D printed marmoset skull. B)
The open head chamber is covered with gel that helps improve signal loss, minimizing
signal distortions.
A few of years prior in 2013, an alternate design of an awake marmoset holder was
proposed (Papoti et al., 2013). This design too, minimizes head motion and is able to be
used in used inside ultra-high field small-bore MRI scanners. The design was updated in
2017, shifting to whole brain fMRI and MRI use as opposed to being used specifically for
the somatosensory pathway in the 2013 design (Papoti et al., 2017). A major difference
between this model and the one from our lab is that this model uses custom fit helmets
for each marmoset. The idea behind this approach is that each animal is fit with a custom
helmet that comes with custom designed head coils promoting strong imaging in a truly
non-invasive manner (Papoti et al., 2017). In comparison to the method our lab uses, this
design does not minimize motion nearly as much, as the animal is able to squirm in the
helmets. Additionally, the custom fit helmet and coil design remains closed as opposed to
our design which is open above the skull. The ability to have a design which is open
above the skull leads to more study opportunities such as simultaneous fMRI and
electrophysiological recordings. One or multiple electrodes or other probes can fit inside
the open head chamber allowing for various types of stimulation or recording and
investigating layer specific relationships in the brain.
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1.6 Phantoms
Imaging phantoms are used in research when live models are difficult to acquire, are not
needed, expensive, or are less efficient among other reasons. These phantoms mimic
animal, human and other tissues to a high degree whether that be brain or muscle tissue.
These phantoms can be very specialized, mimicking the difference between white and
gray matter and are usually made with gelatin or agar (Surry et al., 2005; Blechinger at
al., 1988; Mitchell et al., 1986). Additionally, these phantoms can be made in a large
variety of sizes and with a wide range of T1’s and T2’s using published recipes. In the
subsequent chapter, we have used a brain phantom designed for high-magnetic field
resonance imaging at 11.7T, suitable as well for our 9.4T MRI (Duan et al., 2014). The
phantom recipe is suitable for both spin echo (SE) T1 weighted imaging and gradient
echo (GE) T2* weighted imaging as it has reasonable T1 relaxation and T2 decay times
(Duan et al., 2014). Another benefit to using phantoms in research is that they are
durable, are able to be used for years, and they can be scanned for a long session, whereas
animals or humans may have discomfort with a long scan time (Surry et al., 2005).

1.7 Thesis Objective and Hypothesis
The purpose of this thesis is to find an ideal cement to be used to attach the chamber to
the skull. The desired cement must be compatible with MR imaging and provide a tight
bond between the head chamber and skull. There are two major criteria for the cement to
be useful for chronic experiments in the MRI. Firstly, the cement must not cause major
susceptibility artifacts, and secondly, it must remain secure to the skull after implantation
for the duration of the experiments.
We hypothesize that there will be differing levels of artifacts present due to the amount of
trace metals or other materials in each cement. It is expected that any artifacts found will
be more prominent on GE images as opposed to SE images. Additionally, artifacts should
be reduced with the use of gel. Furthermore, each cement will have differing levels of
security, where some will have a long-lasting bond and the others may not. The
hypotheses will be expanded upon in the subsequent chapter as each cement and its
components will be further examined.
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Chapter 2

2

Methods and Results

In the previous chapter, we explored magnetic resonance imaging, functional imaging,
resting-state studies, artifacts, phantoms and animal research. Through an extensive
literature search, a gap in knowledge was identified regarding ideal ways to conduct
awake MR imaging in animal research with the use of a head chamber. In this chapter,
the main thesis objectives and hypotheses are investigated. The purpose of this study was
to evaluate various adhesives, and their potential to be used in magnetic resonance
imaging studies.

2.1 Introduction
Functional Magnetic Resonance Imaging (fMRI) is the most commonly used tool to
study human brain function, being used in research for neurological disorders,
Parkinson's disease, cancer and other applications (Pan et al., 2013). fMRI is based on the
Blood-Oxygen-Level-Dependent (BOLD) signal, which reflects the changes in local
blood flow, oxygenation and blood volume that occurs when there are variations in
neuronal activity (Logothetis, 2003). This relationship identified between neuronal
activity and cerebral blood flow is known as neurovascular coupling, a phenomenon that
shows that areas of increased cerebral blood flow are tied to neural activity (Huneau et
al., 2015). The BOLD signal is an indirect measure of neural activity, which allows us to
infer brain activity from examining changes in the BOLD signal, over time throughout
the brain.
Functional magnetic resonance imaging can be broken down into two core areas, taskbased fMRI and resting-state fMRI. Task-based fMRI involves engaging the subject in a
task while monitoring their BOLD signal. Tasks can range from rudimentary actions like
finger tapping, to more complex activities such as using working memory. Task-based
fMRI studies are used to characterize brain regions that are functionally related for the
completion of a particular task (Logothetis, 2008). In contrast, resting-state fMRI
observes spontaneous brain activity without requiring the subject to perform a task.
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Regions of the brain that have similar BOLD signals tend to have a high degree of
temporal correlation and are assumed to be functionally connected (van den Heuvel &
Pol., 2010). With resting-state fMRI, numerous brain connections have been studied, and
cognitive organization of the brain can be further understood both in the healthy brain
and diseased states.
Aside from human research, animal research has been a significant area of scientific
investigation, shedding light on similarities among animals as well as how they relate to
humans. More recently, the marmoset (Callithrix jacchus) has been seen as a model
organism of interest, as they are physiologically, anatomically, and genetically similar to
man (Kishi et al., 2014). The structure of a marmoset brain also provides the ability to
investigate laminar-specific relationships as the smooth (lissencephalic) cortex allows for
more precise electrode placements in the various layers of the brain. Old world primate
models, such as macaques, possess a more folded brain which presents a number of
challenges in studying layer-specific relationships. (Schaeffer et al., 2019). Marmosets
also have advantages over rodents, another common model in animal research, as they
parallel human brains more closely and possess a granular dorsolateral prefrontal cortex,
an area associated with executive functions such as working memory which is important
when studying neuropsychiatric disorders (Preuss, 1995, Goldman-Rakic, 1999).
Furthermore, the average size of a marmoset is between 350-550g, making them small
enough to fit inside ultra-high field, small-bore Magnetic Resonance Imaging (MRI)
scanners used in functional imaging (Silva, 2017; Schaeffer et al., 2021).
In the past, studies have done magnetic resonance imaging of animals with the aid of
anesthesia (Hildebrandt et al., 2008, Tremoleda et al., 2018). While this allows for the
ability to scan an animal with minimal motion, there are a number of issues associated
with using anesthesia in functional imaging. First, when an animal is under repeated
anesthesia, there are risks of neurotoxicity and neurocognitive deficits (Smith, 2010,
Raper et al., 2015; Wu et al., 2019). In addition to the potential health risks, it has been
noted that anesthesia produces several confounds. While the effect of anesthesia can vary
depending on the region of the brain, past studies have found that when an animal is
under anesthesia, the overall brain activity is not the same as when the animal is awake
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(Hudetz, 2012, Lewis et al., 2012). Specifically, anesthesia can reduce both evoked and
spontaneous neural activity, and modulate the coupling between neural activity and blood
flow (Williams et al., 2010). Anesthesia may result in a reduction of normal blood flow
causing changes to the BOLD signal, which is highly dependent on alteration of
oxygenated and deoxygenated blood. While all of the mechanisms affected by anesthesia
are not fully known, ultimately, the use of anesthesia can cause underestimation of
functional connectivity and suppress neuronal activity (Sivarajan et al., 1975, Slupe &
Kirsch, 2018). This highlights the detriments of anesthesia and motivates the need to
transition towards awake recording.
Our lab has designed an integrated radiofrequency array and animal holder design for
awake marmoset imaging and recording (Schaeffer et. Al. 2019). The design limits
overall head motion and eliminates the need for anesthesia. First an animal needs to be fit
with an open head chamber and then can be head fixed in the animal holder and placed
inside our 9.4T MRI. Not only does the design allow for awake imaging, but it can also
be used for simultaneous recording, as the open head chamber allows for electrode
placement. This particular head chamber differs from those in other studies which fix the
chamber to the animal skull using screws, as it is connected to the skull via a
cement/adhesive. Cements serve as an inexpensive and less invasive means of attaching
the chamber, since the cement goes on top of the skull similar to a glue and attaches the
open head chamber to the skull. Screws penetrate the skull and cause MRI artifacts at the
cortical surface, even for the nonmagnetic versions that typically are made of ceramics.
The purpose of the study was to investigate various cements to identify an MR
compatible cement that would effectively fix the head chamber to the skull and allow for
awake fMRI. There were two main criteria that were required for an ideal cement: 1) The
cement causes minor or no magnetic susceptibility related artifacts when imaged and 2)
The cement must remain securely attached to the animal’s skull.
The cements used in this study are dental cements that are commercially available,
relatively low-cost, and strong adhesives with a range of applications. Dental cements are
often made with trace amounts of metal, allowing for visualization on x-rays. While the
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trace metals are beneficial for x-ray images, these metals could cause magnetic field
distortions. These distortions can lead to signal voids, deeming certain cements
unsuitable for the MR environment. Aside from potential susceptibility issues, the ideal
cement also needs to remain securely attached. If the animal was able to remove or rip off
the cement, the head chamber will be removed as well, thus exposing the animal’s skull.
If the animal has burr holes or electrodes, the brain of the animal may be exposed, or
electrode tips may break off inside the brain, all of which would be dangerous.
To achieve our main objectives, we tested four commercially available dental cements on
phantoms that mimic brain tissue (Duan et. Al. 2014). All four phantoms had a small
amount of cement coated on them in a local area. Each phantom was scanned inside our
9.4 T MRI scanner where we did three different types of scans: 1) A Spin Echo (SE)
scan, 2) a Gradient Echo (GE) scan, and 3) a Gradient-Echo Echo Planar Imaging (EPI)
scan. For fMRI scans we use a GE-EPI sequence that sensitizes the MRI signal to
susceptibility changes, ideal for monitoring the BOLD signal. We also wanted to assess if
the severity of artifacts changes with the type of sequence ran. After each cement was
scanned three times, we then added a gel (MUKO SM321N, Canadian Custom Packaging
Company, Toronto, Ontario, Canada), which has been shown to minimize distortions,
signal loss or susceptibility issues (Schaeffer et al. 2019). This gel helps by improving the
static magnetic field in the brain, where it pushes susceptibility differences further away
from the brain, a similar method has been used previously in mouse imaging (Adamczak
et al., 2010). Finally, all four phantoms were compared to a phantom without cement.
This phantom too was scanned three times without gel and three times with the gel. The
purpose of scanning an agar phantom without a cement was to visualize what happens in
the absence of cement, without any susceptibility artifacts.
Past research has shown that dental cements are strong tools used largely for connecting
orthodontic appliances and prosthetics to teeth. These cements are FDA approved and
were primarily made from zinc oxide eugenol, zinc phosphate and polycarboxylate in the
past. In recent years, regularly used dental cements have shifted away from these past
cement models and now are made primarily either a resin composite or glass ionomer
cement. The shift to using these two different types of cements was largely due to the
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ease of handling when compared to the cements used in the past. These cements
commonly come in two tubes that once mixed, is able to self-set once it is implanted on
the area of choice. While these cements are in a liquid state, they are able to seep into
crevasses and are malleable allowing for precise placement before hardening. Once the
cements are in place, they can self-set or be light cured until hardened. Aside from being
used strictly in dental settings, cements have been used in hip replacements, and other
surgeries, and can be classified as bone cements (Webb & Spencer, 2007; Topoleski &
Rodriquez-Pinto, 2011).

2.2 Methods
2.2.1

Cement Adhesives

In this work, four commercially available dental adhesive cements: 1) Duolink Universal
(Adhesive Resin Cement, Bisco, Richmond, BC, Canada) 2) BisFil (Self-Cured
Increment Composite, Bisco, Ricmond, BC, Canada) 3) BisCem (Self-Adhesive Luting
Cement, Bisco, Richmond, BC, Canada) and 4) Core-Flo DC (Opaque White, Dentin
Replacement Material, Bisco, Richmond, BC, Canada) were tested. Each cement came in
an individual kit containing a tube of the cement, an information guide, an instruction
manual explaining how to use the product as well as a variety of tips to attach to the tube,
with smaller ones allowing for a more precise application of the cement.
According to the safety data sheet, DuoLink Universal is comprised with various forms
of methacrylate, a noted component in strong bone cements (Webb & Spencer, 2007).
Additionally, DuoLink Universal when hardened is in a solid physical state, so it is
hypothesized that this cement will be able to have a strong secure bond. Furthermore,
DuoLink Universal is comprised of 10-20% Ytterbium Fluoride, where Ytterbium is a
metal, and thus is hypothesized to have some susceptibility artifacts.
BisFil as well is made with methacrylate, but has a large glass filler component, relating
back to current cements being glass ionomers. Similarly, BisFil too comes out in a solid
component, so when taken together, this cement is hypothesized to have a strong bond.
There were no apparent metals added in BisFil, and thus this cement is predicted to
produce no or minimal susceptibility artifacts.
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BisCem is comprised mainly of glass filler, with methacrylate components as well as
Amorphous Silica, where Silica is a non-metal. Differing from the previous two cements,
the physical state of BisCem is considered a paste, which a substance that is a solid until
a large amount of force is applied. Once a strong enough force is applied, this substance
turns into a liquid. While BisCem does not contain any metals and is hypothesized to
have minimal or no susceptibility artifacts, it is hypothesized to have a poor bond, as the
physical state once hardened is not a pure solid.
When looking at CoreFlo DC, the cement is comprised of mainly glass filler, with
Amorphous Silica, and various forms of methacrylate. This cement once hardened is in a
solid physical state and consequently is hypothesized to have a strong bong. With no
trace metals are listed in the safety data sheet, CoreFlo DC is predicted to have minimal
or no artifacts when imaged.

2.2.2

Agar Phantoms

Agar phantoms were created, in preparation for each of the four cements following a
protocol from Duan et al. (2014). This paper provides a protocol for creating both a 7T
muscle and 11.7T brain phantom used in high-field magnetic resonance imaging
applications. The protocol used for our phantoms follow the 11.7T brain phantom with
minor changes. Given that we did not need as much of a mixture to fill our phantoms as
the previous study, we scaled the measurements down by 50%. Furthermore, it has been
found that by adding 2-3 drops of mouthwash from a syringe, phantoms may have a
longer shelf life by inhibiting bacterial growth (Guerin et al., 2018). The total recipe was
as follows: Water 500ml, NaCl 17.4g, Sucrose 673g, Agar 7.5g, Benzoic Acid 0.5g, Crest
Mouthwash 2 drops. Once the ingredients were mixed, syringes were used to add the
solution to each of our phantom balls that had a diameter of 1.496”, and a volume of
28.72ml. Next a plastic screw and rubber stopper were added to plug the hole of the
phantom and ensure there would be no leaks. Finally, the cements were placed on
individual phantoms as pictured below, roughly in a 1.3cm x 1.3cm square Figure 5. The
cement size was comparable to what would be used in-vivo on the marmoset skull and to
compare how the effect changes when the gel was added.

21

Figure 5. An agar Phantom with Cement on the Surface.

2.2.3

Data Acquisition

An integrated animal holder and 5-channel radiofrequency receive array was used to
rigidly fix the phantom to the receive coil. The hardware was designed in-house as is
described in Schaeffer et al. (2019). Given that each cement may incorporate trace
amounts of metal substances leading to magnetic-susceptibility image artifacts (via
differences in the magnetic susceptibility between the cement, air, and phantom), we
sought to improve the signal void by covering the top of the cement with a water-based
lubricant gel (MUKO SM321N, Canadian Custom Packaging Company, Toronto,
Ontario, Canada). The gel was only applied after the phantom had undergone a SE, GE
and GE-EPI scan already, which allowed for a comparison of SE, GE, and GE-EPI scans
with and without the application of the gel.
Data was acquired using a 9.4 T 31 cm horizontal bore magnet (Varian/Agilent, Yarnton,
UK) and Bruker BioSpec Avance III HD console with the software package Paravision-6
(Bruker BioSpin Corp, Billerica, MA), a custom-built high-performance 15-cm-diameter
gradient coil with 400-mT/m maximum gradient strength (xMR, London, CAN; Peterson
et al., 2018), and the receive coil described above. Radio-frequency transmission was
accomplished with a quadrature birdcage coil (12-cm inner diameter) built in-house. All
imaging was performed at the Centre for Functional and Metabolic Mapping at the
University of Western Ontario.
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2.2.4

Scanning Procedure

Each of the four cements were scanned six times. In total, each cement had a Spin Echo
(SE), Gradient Echo (GE), and Gradient-Echo Echo Planar Imaging (GE-EPI) scan
without the addition of gel. Following the first three scans, the phantoms were re-imaged
with SE, GE and GE-EPI scans with the gel covering the cement on top and on the sides.
The scan order was as follows: 1) SE 2) GE 3) GE-EPI 4) SE with gel 5) GE with gel &
6) GE-EPI with gel.

2.2.5

Imaging Parameters

The SE (T2-RARE2D) scanning parameters were TR 7000ms, TE 40ms, FOV 51.2 x
51.2mm, matrix size 128 x 128, voxel size 0.4 x 0.4 x 0.8mm, slices = 45. Second, GE
(FLASH 3D) had a TR of 30ms, TE 15ms, Flip angle 8°, FOV 51.2 x 51.2mm, matrix
size 128 x 128, voxel size 0.4 x 0.4 x 0.8mm. Last, GE-EPI (EPI2D): TR 1500ms, TE
15ms, Flip Angle 45°, FOV 51.2 x 51.2mm, matrix size 128 x 128, voxel size 0.4 x 0.4 x
0.8mm, slices = 45. The parameters were the same with and without gel being on the
cement.

2.2.6

Artifact Investigation

Each image was uploaded to Matlab (ver. R2019a) for the agar phantom and various
different cements. In total, each phantom had six distinct images for the six different
scans we ran, leaving a total of 30 images added to Matlab. A comparison was ran on the
six different images for each cement, compared to the agar phantom. A further detailed
explanation can be found in the Data Normalization section. If there was an artifact from
an air bubble in the image, this area was removed from the comparisons.

2.2.7

Cement Strength

After each phantom was scanned six times, the phantom was taken out, gel was removed,
and the cement strength was tested. We attempted to remove the cement with a gentle
pull at first and next with force using a laboratory scoop. In addition to this test of
adherence, each cement was applied to bone, specifically individual mice skulls. Security
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was assessed on the day of, three days after and six days after being glued onto the skulls,
by the same means as above.
It should be noted that the cements may adhere better to skulls than the plastic phantoms,
as this more closely resembles how these cements are applied with human patients.

2.3 Results
2.3.1

Agar Phantom

An agar phantom without cement was imaged as a control. In the SE images, the entire
sphere was visualized Figure 6A. In the GE image, the circular shape too was conserved,
with no noticeable artifacts present Figure 6B. Finally, with GE-EPI, the sphere shape
was preserved both with and without the gel Figure 6C.
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Figure 6. Sagittal slice of a high-field agar brain phantom imaged with a 9.4T MRI using
a (A) Spin Echo sequence, (B) Gradient Echo sequence, (C) Gradient Echo EPI sequence
without any cement. This slice was through the middle of the phantom and covers the
total area of the phantom. For each imaging sequence, the phantom was imaged with and
without a gel meant to help reduce susceptibility artifacts. In each set of images, the left
image was without gel, and the right image includes the gel on top. Brighter sections of
the image denote a higher image intensity.

2.3.2

DuoLink Universal

In the SE image, there was a small amount of signal loss directly under the cement where
the image is not as bright as the rest of the sphere. When adding the gel, the signal void
remains Figure 7A-right. For the GE scan, there was a more prominent artifact, causing
a large loss of signal, which does not get restored with the application of the gel Figure

25

7B. Lastly, with GE-EPI, the most signal loss occurs, and remains with the addition of
the gel Figure 7C.
A
A

B
B

C
C

Figure 7. Sagittal slice of a high-field agar brain phantom imaged with a 9.4T MRI using
a (A) Spin Echo sequence, (B) Gradient Echo sequence, (C) Gradient Echo EPI sequence.
This slice was through the middle of the phantom and covers the total area of the
phantom. DuoLink Universal cement was placed on top of the phantom to assess
susceptibility artifacts. The yellow bar shows the placement of the cement. For each
imaging sequence, the phantom was imaged with and without a gel meant to help reduce
susceptibility artifacts. In each set of images, the left image was without gel, and the right
image includes the gel on top of and around the cement. Brighter sections of the image
denote a higher image intensity.
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2.3.3

BisFil

The SE image presents with no noticeable signal loss with and without gel Figure 8A.
For GE, there was no noticeable signal loss however the top left portion of the image
appears to have minor loss due to an air bubble in the phantom Figure 8B. In the GE-EPI
scans, the shape of the sphere was conserved with no noticeable artifacts present both
before and after gel was put on Figure 8C. Signal intensity remains well within non
artifact levels throughout each of the six different scans.

A

B

C

Figure 8. Sagittal slice of a high-field agar brain phantom imaged with a 9.4T MRI using
a (A) Spin Echo sequence, (B) Gradient Echo sequence, (C) Gradient Echo EPI sequence.
This slice was through the middle of the phantom and covers the total area of the
phantom. BisFil cement was placed on top of the phantom, the yellow bar shows the
placement of the cement. For each imaging sequence, the phantom was imaged with and
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without a gel. In each set of images, the left image was without gel, and the right image
includes the gel on top of and around the cement. Brighter sections of the image denote a
higher image intensity.

2.3.4

BisCem

Overall, the SE image shows a concise sphere shape with no areas of signal loss due to
artifact Figure 9A. As for the GE scan, there appears to be two small pockets of signal
loss on the sides of where the cement was added Figure 9B-left. Once the gel was added,
the two areas of signal loss appear restored Figure 9B-right. The small patches on the
inside of the phantom for the GE image are air bubbles and are not considered loss of
signal due to a susceptibility artifact. Lastly, the GE-EPI scans do not present any
noticeable artifacts both with and without the gel, the ball shape remains Figure 9C.
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A

B

C

Figure 9. Sagittal slice of a high-field agar brain phantom imaged with a 9.4T MRI using
a (A) Spin Echo sequence, (B) Gradient Echo sequence, (C) Gradient Echo EPI sequence.
The slice was through the middle of the phantom, covering the total size of the phantom.
BisCem cement was placed on top of the phantom, the yellow bar shows the placement of
the cement. For each imaging sequence, the phantom was imaged with and without a gel,
for (A), (B), and (C), the left image was without gel, and the right image includes the gel
on top of and around the cement. Brighter sections of the image denote a higher image
intensity.

2.3.5

Core-Flo DC
C

For Core-Flo DC, there was no noticeable signal loss associated with the SE image, both
with and without the gel Figure 10A. In the GE image without gel, there was a small
amount of signal loss under the sides of the cement but when the gel was added, the

B
B
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signal was restored Figure 10B. The GE-EPI image does not appear as a full circle
without gel, but once the gel was added, the sphere shape was restored Figure 10C.
A

B

C

Figure 10. Sagittal slice of a high-field agar brain phantom imaged with a 9.4T MRI
using a (A) Spin Echo sequence, (B) Gradient Echo sequence, (C) Gradient Echo EPI
sequence. This slice was through the middle of the phantom and covers the total area of
the phantom. CoreFlo DC cement was placed on top of the phantom, the yellow bar
denoting the placement of cement. For each imaging sequence, the phantom was imaged
with and without a gel. In each set of images, the left image was without gel, and the
right image includes the gel on top of and around the cement. Brighter sections of the
image denote a higher image intensity.

2.3.6

Data Normalization

All four phantoms with cement were normalized to the agar phantom without cement.
Given that there was no cement on the pure agar phantom, this phantom highlights what
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happens in the absence of a susceptibility artifact. Additionally, we needed to assess the
signal from the 5-channel radiofrequency receive array and receive coil. As this design is
not homogenous, it was suspected that the signal intensity would be highest at the upper
portion of the phantom and lower at the other portions. Once scanned, we had signal
intensity values for each of the imaging sequences both with and without gel. Next, the
phantom was divided into three portions, the top third, middle third, and bottom third
Figure 11. This was done for each imaging sequence: SE, SE with gel, GE, GE with gel,
GE-EPI, & GE-EPI with gel. It should be noted that all excess black areas not pertaining
to the phantoms were excluded for image analysis, air bubbles were omitted and only the
portions inside each third that contain the phantom, and not gel were used for data
interpretation.
From this, the average image intensity was calculated for each third of the phantom. We
assigned the value of 1 to the bottom third Figure 11C of the phantom as this area should
not be affected by susceptibility artifacts being as it is the furthest area away from cement
placement. Next, sections A and B were assigned values proportional to the bottom third.
For reference, the SE gel (as pictured) ratios were 1.57 for the top third, 1.27 for the
middle third and 1 for the bottom (Table 1). This corresponds to the top third having an
average image intensity 1.57x or 157% of the bottom third. Additionally, the middle third
image intensity was 1.27x the bottom third or 127% compared to the bottom third. A
ratio was calculated for the agar phantom for each of the six different scans and was used
as reference with the phantoms that had cement. For each phantom with cement, the
bottom portion was assigned a value of one, and the middle and top thirds were
calculated in reference to the bottom portion. A value similar to the agar phantom ratios
suggested no signal loss or a minimal artifact whereas a ratio far lower than the agar
phantom ratios suggested that a susceptibility artifact was present. Specifically, by using
a value of 1 for the bottom third of each phantom, we can calculate what the middle and
top third portions should be using the ratio found with the agar phantom without cement.
These values indicate what values we would expect if there were no artifacts present, as
is the case in the agar phantom without cement. Furthermore, using the standard
deviation (SD) from the reference phantom, we can determine which sections of the
images fall within or outside the standard deviation. In the SE gel image below, the top
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third of the image had a value of 1.57 with a SD of 0.09. This equates to values within
one standard deviation being 1.48-1.66, values within 2SD = 1.39-1.75 and finally 3SD =
1.3-1.84. The same too is calculated for the middle portion, a value of 1.27 with a SD of
0.15. Values within 1SD = 1.12-1.42, inside 2SD = 0.97-1.57 and in 3SD = 0.82-1.66.
We use these ranges as comparisons to the four phantoms with cement. For purposes of
this experiment, any value that is over -3SD away from the calculated top and middle
third values were considered susceptibility artifacts. This means, any value below 1.39
for the top third, and any value below 0.97 for the middle third would be considered
susceptibility artifacts. These SD ranges were calculated for each of the six different
scans and compared to the four different cements. Additionally, each cement has its own
SD, a low SD corresponding to a more homogenous image intensity whereas a large SD
indicates some portions of the image were far lower intensities than others.
Since each cement was scanned once for each of the six imaging sequences, and
applied to separate phantoms, the results found should be considered as suggested results,
as further testing would be recommended. Nevertheless, as image intensity is calculated
as an average among every pixel in each third, this was a good indicator as for how
strong the signal is compared to each section of the phantom. High image intensity values
suggest that minimal or no susceptibility artifact was found whereas low image intensity
values in the top and middle third relative to the bottom third suggest that a susceptibility
artifact caused a signal void.
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Figure 11. Division of phantoms for normalization. Each phantom was divided into three
portions for SE, GE, and GE-EPI both with and without gel. The three portions were as
followed: A (top), B (middle), C (bottom). Average image intensity across each third was
calculated and normalized to the bottom third. Data included for each third were only
portions of the phantom, the excess black corners more prominent on A, & C were
removed for analysis.

2.3.7

SE Results

Table 1. Spin-Echo (SE) results for each phantom. All four cements are compared to the
agar phantom without cement. Images were broken down into three portions, top being
the top third of the phantom, middle being the middle third and bottom being the lower
third of the image. Data represents average image intensity across one third of the
phantom and was then normalized to the bottom third.
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Figure 12. Spin-Echo results from Table 1. Each phantom has been split up into three
components, the top, middle, and bottom third with error bars. The top and middle
portions were normalized to the bottom third for each phantom. Bars indicate the average
image intensity in a given section, relative to the bottom third of that given phantom. A
value above 1 indicates a higher image intensity relative to the bottom third whereas a
value below 1 indicates a lower image intensity compared to the bottom third.

Figure 13. Spin-Echo with gel results from Table 1. Each phantom has been split up into
three components, the top, middle, and bottom third with error bars. The top and middle
portions were normalized to the bottom third for each phantom. Bars indicate the average
image intensity in a given section, relative to the bottom third of that given phantom. A
value above 1 indicates a higher image intensity relative to the bottom third whereas a
value below 1 indicates a lower image intensity compared to the bottom third.
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2.3.8

GE Results

Table 2. Gradient-Echo (GE) results for all five phantoms. All four cements are
compared to the agar phantom without cement. Images were broken down into three
portions, top being the top third of the phantom, middle being the middle third and
bottom being the lower third of the image. Data represents average image intensity across
one third of the phantom and was then normalized to the bottom third.

Figure 14. Gradient-Echo results from Table 2. Each phantom has been split up into
three components, the top, middle, and bottom third with error bars. The top and middle
portions were normalized to the bottom third for each phantom. Bars indicate the average
image intensity in a given section, relative to the bottom third of that given phantom. A
value above 1 indicates a higher image intensity relative to the bottom third whereas a
value below 1 indicates a lower image intensity compared to the bottom third.
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Figure 15. Gradient-Echo with gel results from Table 2. Each phantom has been split up
into three components, the top, middle, and bottom third with error bars. The top and
middle portions were normalized to the bottom third for each phantom. Bars indicate the
average image intensity in a given section, relative to the bottom third of that given
phantom. A value above 1 indicates a higher image intensity relative to the bottom third
whereas a value below 1 indicates a lower image intensity compared to the bottom third.

2.3.9

GE-EPI Results

Table 3. Gradient-Echo Echo-Planar Imaging (GE-EPI) results for each phantom. All
four cements are compared to the agar phantom without cement. Images were broken
down into three portions, top being the top third of the phantom, middle being the middle
third and bottom being the lower third of the image. Data represents average image
intensity across one third of the phantom and was then normalized to the bottom third.
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Figure 16. Gradient-Echo EPI results from Table 3. Each phantom has been split up into
three components, the top, middle, and bottom third with error bars. The top and middle
portions were normalized to the bottom third for each phantom. Bars indicate the average
image intensity in a given section, relative to the bottom third of that given phantom. A
value above 1 indicates a higher image intensity relative to the bottom third whereas a
value below 1 indicates a lower image intensity compared to the bottom third.

Figure 17. Gradient-Echo EPI with gel results from Table 3. Each phantom has been
split up into three components, the top, middle, and bottom third with error bars. The top
and middle portions were normalized to the bottom third for each phantom. Bars indicate
the average image intensity in a given section, relative to the bottom third of that given
phantom. A value above 1 indicates a higher image intensity relative to the bottom third
whereas a value below 1 indicates a lower image intensity compared to the bottom third.
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2.3.10

Security

In order to determine if the cements would remain secure to surfaces, we tested the
security each cement had with the phantoms themselves as well as to individual mouse
skulls. After the conclusion of the six different scans, each phantom was taken out of the
MRI machine, gel was wiped off and each cement was attempted to be removed. Both
BisFil and BisCem fell off the phantom with a light touch whereas DuoLink Universal
and CoreFlo DC remained secure to the plastic phantom post scan. When assessing
security on mouse bone, each cement was assessed over a six-day period. After three
days, all four cements remained intact on the various mouse skulls. However, upon day
six, DuoLink Universal, BisFil, and BisCem all came off the bone, only BisCem
providing strong resistance before falling off the bone. This only left CoreFlo DC
remaining secure, and for this reason, CoreFlo DC passed the security criteria. Following
the test on mouse skulls, CoreFlo DC was then tested on pig bone, and once again after
the six-day period, CoreFlo DC remained secure to the pig bone showcasing its ability to
remain secure to any surface it was attached to.

2.3.11

Overall Results

It was found that DuoLink Universal was the only cement which had major susceptibility
related artifacts present both without the gel and upon the addition of the gel. BisFil,
BisCem and CoreFlo DC each had small signal voids across scans but upon the addition
of the gel, this was restored. In terms of criteria, DuoLink Universal failed by producing
susceptibility artifacts whereas the other three once gel was placed around the cement
showed images lacking artifacts. For this reason, BisFil, BisCem and CoreFlo DC passed
the first criteria. As for the second criteria security, DuoLink Universal and CoreFlo DC
were the only two cements to remain secure to the phantom. When shifting to mouse
skulls, only CoreFlo DC remained secure to both mouse and pig bone, leaving CoreFlo
DC as the single cement of the four passing the security criteria.
Overall, CoreFlo DC passed both criteria whereas BisFil and BisCem only passed one of
the two criteria. DuoLink Universal was the lone cement to not pass either criteria.
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In comparison to the hypothesis stated earlier in this chapter, the predictions of CoreFlo
DC seemed to hold true. CoreFlo DC did appear to have minimal artifacts which were
alleviated with the gel, and the cement did appear to have a good bond on any surface it
was applied to. DuoLink Universal was believed to cause some susceptibility artifacts,
which was apparent with large signal voids throughout the images. On the other hand, it
was hypothesized that DuoLink Universal would have a strong bond, however this
prediction did not hold true as the cement fell off both the phantom, and skull. While the
hypothesis about BisFil having minimal or zero artifacts appears to have come true, the
estimate that BisFil would hold a strong bond did not come to fruition. Finally, both
hypotheses regarding BisCem suggest that that were accurate. As the physical state of
BisCem is a paste, it was considered to have a weak bond, as was apparent when falling
off the phantom and mouse skulls. Lastly, while not being comprised of any metal, the
assumption that BisCem would cause no or minimal artifacts held true. Further testing is
required for each cement to confirm these findings.
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Table 4. Criteria checklist for each of the four tested cements with regards to MR
compatibility. A green checkmark indicates that a cement successfully passes the given
criteria, whereas a red X means that the cement failed to pass the condition.

2.4 Discussion
2.4.1

Susceptibility Artifact Identification

2.4.1.1

SE

As shown in Table 1, and Figure 12, there was a general trend that when the gel was
added, the ratio of the top third to the bottom third increased among all scans excluding
DuoLink Universal. On the other hand, the middle third remained at a similar value
between the two different conditions as expected, since the intensity isn’t influenced by
the cement or gel in this region of the phantom. In the SE without gel, the top third for
the reference phantom had a value of 1.41, SD 0.09 corresponding to values within 1SD
= 1.32-1.5, inside 2SD = 1.23-1.59 and finally in 3SD = 1.14-1.68. Of the cements,
BisCem was within 1SD, having a value of 1.43, SD 0.07 whereas BisFil and CoreFlo
DC were within 2SD with the values of 1.24, SD 0.15 and 1.57, SD 0.12 respectfully. As
these three cements were within 2SD, they were not considered to have susceptibility
artifacts. Furthermore, each of the three aforementioned cements had a SD relatively
close to the reference phantom, showing that values were similar across the entire top
third of each phantom. DuoLink Universal had a top third value of 0.86, SD 0.30,
equating to a value more than -3SD away from the reference phantom. In conclusion,
DuoLink Universal was found to have a susceptibility artifact in the top third of the
image. When looking at the middle third of each of the cements, BisFil, BisCem and
CoreFlo fell within 1SD (1.08-1.38) and DuoLink Universal was within 2SD of the
reference phantom (0.93-1.53) indicating that no susceptibility artifacts were apparent in
the middle third of the images.

2.4.1.1.1

SE with Gel

The top third of the reference phantom had a value of 1.57, SD 0.09 for the SE image
with gel. Values within 1SD = 1.48-1.66, 2SD = 1.39-1.75 and 3SD = 1.3-1.84. Identical
to the SE image without gel, only DuoLink Universal was found to have a susceptibility
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artifact in the top third with a value of 0.86, SD 0.29 (Table 1, Figure 13). This value is
more than -3SD away from the reference phantom. Alternatively, BisFil (1.37, SD 0.17),
was found within 3SD, CoreFlo DC (1.67, SD 0.15) within 2SD and BisCem (1.65, SD
0.09) within 1SD. Of the cements aside from DuoLink, BisFil had the least increase in
signal intensity when the gel was added. Once again, the middle of each image were
within 1SD = 1.12-1.42 (BisFil, BisCem, CoreFlo) or 2SD = 0.97-1.57 (DuoLink) of the
reference phantom and thus, no susceptibility artifacts were found.

2.4.1.2

GE

The reference phantom for the GE image had a value of 1.34 for the top third with a SD
of 0.18, equating to values within 1SD = 1.16-1.52. 2SD = 0.98-1.7. 3SD = 0.80-1.88
(Table 2). Whereas in the SE image BisCem was the only cement within 1SD for the top
third, in the GE scan, both BisFil (1.21, SD 0.20), and BisCem (1.33, SD 0.15) were
within 1SD. CoreFlo DC was within 2SD, having a value of 1.55 and a SD of 0.22.
Similar to the SE image, DuoLink Universal once again was more than -3SD below the
reference phantom with a value of 0.77, SD 0.49. This value corresponds to a
susceptibility artifact and the bigger SD value indicates that in the top third of the image
there are areas of low intensity and areas of much higher intensity, as depicted in Figure
7B. For the middle third the reference phantom had a value of 1.27, SD 0.17. Unlike in
the SE image where DuoLink was found within 2SD, in the GE image, all four cements
were found within 1SD = 1.1-1.44. This finding highlights that although there was a
major susceptibility artifact with DuoLink in the top third of the image, the artifact
remains conserved in the top third of the image and did not continue on to the middle
third as illustrated in Figure 14.

2.4.1.2.1

GE with Gel

As was the case in the SE images, when the gel was added, overall signal intensity
increased in the reference phantom and each phantom with cement except for DuoLink
(Table 2, Figure 15). Additionally, signal intensity in the middle portion appeared to
change marginally with the addition of gel as too was the case in the SE images. The top
third of the GE image with gel had a value of 1.69, SD of 0.15. Values within 1SD =

41

1.54-1.84. 2SD = 1.39-1.99. 3SD = 1.24-2.14. Interestingly, when gel was added, BisFil
(1.47, SD 0.21) and BisCem (1.47, SD 0.21), moved from being within 1SD in the GE
image without gel to being within 2SD when the gel was added. One possible explanation
for this could be that while each had a minimal loss of signal in the GE image without
gel, Figure 8B (BisFil) and Figure 9B (BisCem), when the gel was added, it did not
completely alleviate the signal loss, corresponding to a smaller increase in signal when
the gel was added. Comparable to the SE results, BisFil once again did not appear to have
as large of an increase in signal comparatively to the other cements with the addition of
the gel. One the other hand, when the gel was added, CoreFlo DC was found within 1SD,
having a value of 1.80, SD 0.20. CoreFlo changes from being within 2SD in the GE
image without gel to being within 1SD when the gel was added. When we examine
Figure 10B, we notice that in the GE image without gel there are losses of signal around
the edges of the cement but when the gel is added, signals are restored, leaving CoreFlo
within 1SD of the reference phantom. The only constant between the GE image with and
without gel is that DuoLink Universal was found more than -3SD away from the
reference, having a value of 0.74, SD 0.54. This is apparent when looking at Figure 7B,
as there are two large pockets of signal loss. With a large SD of 0.54, this further shows
that some areas of the signal are far lower than other portions, demonstrating the
susceptibility artifact.

2.4.1.3

GE-EPI

As highlighted in Table 3, in the GE-EPI scans without gel, only DuoLink Universal was
found to have a susceptibility artifact. The reference phantom had an average value of
1.52, with a SD of 0.33, equating to values within 1SD = 1.19-1.85, 2SD = 0.86-2.18, and
3SD = 0.53-2.5. DuoLink Universal had a top third value of 0.36, SD 0.87, more than 3SD below the reference phantom, denoting signal loss due to a susceptibility artifact.
Combined with a large SD of 0.87, Figure 7C shows prominent loss in the top third of
the image, showcasing a major signal void in the top third which does not continue into
the middle or bottom thirds. As for the middle third of DuoLink and the top and middle
portions of the remaining cements, all values were similar to the reference phantom and
were within 1SD (Figure 16). Signal intensity improved upon the addition of gel for each
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cement, however the gel did not restore the signal loss in the top third DuoLink
Universal. The reference phantom had an average top third value of 1.83, SD 0.36 with
the gel whereas DuoLink Universal had a top third value of 0.41, SD 0.81. The GE-EPI
phantom with gel had values within 3SD = 0.75-2.91, where DuoLink Universal once
again was more than -3SD away from the mean. All other cements had no artifacts in the
top or middle portions of the images as shown in Figure 17. While the standard deviation
for the top third of DuoLink universal includes negative values, the lowest image
intensity value possible was 0, indicating a black area, with no signal.

2.4.2

Main Conclusions

In this study we aimed to find an MR compatible cement that could be used for head
chamber placement. The two criteria necessary for a usable cement are that it does not
cause major susceptibility artifacts and it must remain securely attached to the animal.
Through testing with the aforementioned criteria, CoreFlo DC appears to be the best
suited cement for head chamber placement in the MR environment. CoreFlo DC did not
produce major susceptibility artifacts, and those artifacts that were present were easily
eliminated upon the addition of gel. Aside from producing minimal artifacts, CoreFlo DC
was the only cement to remain secure to both the plastic phantom as well as the mouse
skull and pig bone. Given that a mouse skull is similar in structure to a marmoset skull, it
was expected that this cement too would remain secure to a marmoset skull.
Aside from being tested on strength of security to bone, and severity of artifact found, it
is important to note the ease of use for each cement. While DuoLink and CoreFlo easily
come out of the tube and apply seamlessly to a surface, BisFil and BisCem are difficult to
use. Both BisFil and BisCem require a considerable effort to remove the cement from the
tube for use. Once out of the tube, it is difficult to apply in a smooth manner as compared
to DuoLink or CoreFlo. While Duolink and CoreFlo can be applied in a consistent
manner to create an even surface, BisFil and BisCem come out as patchy, requiring the
use of other materials to help make the cement uniform.
As for the other cements, DuoLink Universal was the only cement that produced
noticeable damaging artifacts and signal voids. For this reason, DuoLink universal is not
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suitable for MR imaging. Since DuoLink universal remained intact on plastic and not
bone, it is plausible that DuoLink Universal could be used for studies using plastic.
However, these studies need to be wary of potential artifact risk in the MR environment.
Other studies may be conducted to identify the susceptibility of DuoLink Universal.
Therefore, this cement passed only one of the two criteria for the study and should not be
used for head chamber placement.
Both BisFil and BisCem fared relatively similar to one another, the only difference was
that BisCem provided more resistance to being removed from the mice skull. While both
did not pass the criteria for this study, each cement can in theory used in MR imaging if
the cement did not have to remain secure to a surface over time. However, one major
consideration is that BisFil and BisCem were difficult to use. It would be suggested that
if using one of these cements, there should be a contraption that helps extraction of the
cement due to the difficulty of use. Nevertheless, for the purpose of animal fMRI
research, both cements would be dangerous for animal use where the animal may be able
to remove the head chamber, thus exposing the skull and brain to other dangers if the
animal is implanted with electrodes.
In terms of the different types of scans, the SE scans had the least number of artifacts
which was expected as SE can correct for magnetic field inhomogeneities (Jung &
Weigel, 2013). Nevertheless, it was found that DuoLink Universal still had susceptibility
artifacts with SE. GE, and GE-EPI, had a similar amount of artifacts found across both
gradient sequences, as predicted. This is due to the fact that both scan types rely on
gradients and do not correct with a 180-degree pulse as does a SE sequence. For both
gradient sequences it was clear to see the benefit of the gel at hand. In BisCem and
CoreFlo DC GE scans, there were small signal voids when no gel was present but when
the gel was added, these signal voids were restored.

2.4.2.1

CoreFlo DC use with Marmosets

Based on the conclusions above, marmosets were fitted with a head chamber using
CoreFlo DC. Post-surgery, head chambers remained intact, and animals were imaged
using the integrated radiofrequency array and animal holder design. The gel was fit inside
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the head chamber for scans. It was found that for SE, GE, and GE-EPI scans, there was
no apparent susceptibility artifact Figure 18.

Figure 18. Left – Sagittal image of a marmoset brain. Right – Coronal image of a
marmoset brain. CoreFlo DC cement, identified as the most ideal cement, was added onto
the marmoset’s skull (yellow rectangle) to attach a head chamber for awake recording.
Additionally, marmosets fit with head chambers received a tactile stimulation task via air
puffs where stimulation was delivered in 12 second intervals to the trunk or forearms
with rest periods of 18 seconds in between Figure 19. The experiment consisted of six
runs with each run having the air puff delivered six times to the trunk and six times to the
forearm. Following conclusion of the experiment, activation for each condition was
compared to baseline levels. Activation can be visualized with no apparent artifacts
present. This highlights that CoreFlo DC is suitable for head chamber placement and
animal research. It should be noted that images were only motion corrected, showcasing
that the raw images do not require further correction methods.

Figure 19. Left – Sagittal image of a marmoset brain. Right – Coronal image of a
marmoset brain. Task-based fMRI scan, areas of colour indicate significant activation in
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the forearm, with the lighter the colour, the greater activation. On the top portion of the
image is CoreFlo DC cement used to secure the head chamber, the cement is indicated by
the yellow bar.
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Chapter 3

3

General Discussion and Conclusions

3.1 Summary
The overall goal of this project was to find a cement capable of being used in the MRI
setting. Given that BOLD imaging uses sequences susceptible to macroscopic
susceptibility artifacts that could lead to large signal voids, it was critical in finding a
cement that produced no or minimal artifacts that could be removed once the gel was
added. Moreover, the cement needed to remain secure to the skull for the duration of the
experiment. Of the four different dental cements, we were able to find one cement,
CoreFlo DC that passed both criteria. When examining susceptibility related artifacts,
only DuoLink Universal failed to pass the criteria. DuoLink Universal had large,
damaging artifacts especially evident in both T2* weighted sequences, that are needed for
BOLD imaging. On the other hand, BisFil, BisCem, and CoreFlo DC each had minimal
artifacts, those of which were improved once the gel was added. If producing minimal/no
susceptibility artifacts was the only criteria, each of BisFil, BisCem or CoreFlo DC could
be used in the MRI setting. However, ease of use further suggests CoreFlo DC as a better
option when compared to BisFil or BisCem. As for the second criteria, the security of
each cement, only CoreFlo DC remained intact on bone. This finding eliminated both
BisFil and BisCem from contention as it was apparent that using either cement may lead
to the head chamber falling off, potentially dangerous if electrodes or other probes were
implanted in the head chamber at the time. Following the conclusions of the tests,
CoreFlo DC was used to attach a head chamber on two marmosets. As described in the
previous chapter, head chamber implantation was successful and imaging with CoreFlo
DC as the cement had no susceptibility related artifacts. Aside from motion correction, no
artifact correction was needed when using CoreFlo DC. As CoreFlo DC was tested both
on mice skulls and pig bone, it is hypothesized that the cement is also compatible with
either species.
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3.2 Limitations and Future Directions
While the experiment did find one cement, CoreFlo DC that is suggested of being
capable of working in the MRI environment and remains secure to the subject, there were
a few aspects of the protocol that could be improved. When first making each phantom,
some of the phantoms had air bubbles whereas others did not. An air bubble if not
handled appropriately, could have skewed the results, as an air bubble appears as an area
of signal loss. While this was accounted for in our experiment, and not considered in
terms of analysis, an improvement would be if all phantoms were made without any air
bubbles. Additionally, when the phantoms were placed inside the integrated
radiofrequency array and animal holder, some phantoms were higher up whereas others
were sitting lower. The actual height difference between how each phantom sat was
minimal but nonetheless, each phantom should have sat at the exact same position inside
the coil. This potentially caused some portions of the images to read differently than if
they were sat higher or lower during a scan. As found in chapter two, the top third of each
phantom had the highest average signal intensity. Depending on how high or low the
phantoms sat, it is likely that the phantoms who sat higher up had an overall higher signal
intensity throughout as compared to the other phantoms. While this should not affect the
results as the signal intensity was calculated as a ratio from each of the three thirds of the
phantom, consistency in the position each phantom sat should be maintained if the study
was to be conducted again.
A third source of error and variation in measurement was in relation to where the
cement was applied on each phantom. Each individual phantom was a sphere with a
central line that passed through the outside of the phantom. This line was used as a
reference where each cement was applied around the line on one side of the phantom.
This line was used as a means of keeping the cements in the same locations across each
phantom. Additionally, the cement was meant to be in a 1.3 x 1.3cm square on the
surface of the phantom. This size was deemed large enough to gain insight on if there
were any susceptibility artifacts present while also not covering too large of an area,
allowing for gel to be applied on top of and around the cement. As DuoLink Universal
and CoreFlo DC were far easier to apply, these cements were more likely to be around
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the 1.3 x 1.3cm shape while BisFil and BisCem being harder to apply came out as patchy
and likely did not fit exactly into the 1.3 x 1.3cm square. Additionally, DuoLink
Universal and CoreFlo DC had a solid substance throughout whereas BisFil and BisCem
had portions that had more cement than others and did not come out as a solid substance.
Improvements in the future should make a gridline of where the cements are to be placed
on each phantom to ensure each are in the same locations. As for the patchiness in BisFil
and BisCem, a device would be needed to ensure that the substance comes out in a solid
manner rather than being patchy.
Another area of improvement is when gel was added for each of the phantoms.
Normally with a marmoset, the gel is put on the top and around the head chamber. This
allows for the gel to sit in a constant position throughout the scan as the hollow tube acts
almost as a bowl, holding the gel in place. When putting the gel on the phantoms with
cement, there was no head chamber, the overall design was spherical, meaning some of
the gel gradually drifted away and down the sides of the phantoms as the scans
proceeded, rather than being held in place. As DuoLink Universal had such prominent
artifacts, securing the gel fully in place would not be able to improve those susceptibility
related artifacts. On the other hand, BisFil, BisCem and CoreFlo DC had such minor
artifacts, that securing the gel to the top of the phantoms may slightly improve images but
would not constitute one cement being better than the others as the three all fell well
within minimal/no artifact level. In other words, the slight movement of gel should not
impact our results but if the study were to be conducted again, it is suggested that the gel
remain in place throughout scan duration.
Finally, the second criteria each cement was required to pass in order to be an
MRI compatible cement was the ability to remain secure to bone. In this study we did not
measure the force applied and required to remove each cement from the phantom, mouse
skulls or pig bone. While the cements simply fell off by the slightest touch in some
instances and a light pull in other cases, a more thorough finding would state the force
required to remove each cement. By having the force required to remove each cement,
researchers would have a better understanding of how likely it is to remove each cement
depending on which species they are working with. In this experiment as the majority of
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cements required almost no force whatsoever to be removed, it is likely that any animal
could dislodge DuoLink Universal, BisFil or BisCem. Further tests should be run to
determine the amount of force required to remove CoreFlo DC from bone, however as we
were unable to remove CoreFlo DC from bone, it is a good indicator that other species
would have difficulty removing the cement as well.
In terms of future directions, by classifying CoreFlo DC as a suggested MRI
compatible cement, there now is a reliable cement that can be used for head chamber
placement. Any studies that use a head chamber design like ours can benefit from this
investigation and continue to study structural and functional imaging and resting-state vs
task-based activity without worrying about susceptibility related artifacts caused by
cement. One ongoing study in our lab that uses CoreFlo DC is a social interaction study
where one marmoset is scanned while face to face with another (Gilbert et al., 2021).
Additionally, by using this cement with an open head chamber design, this allows for the
possibility to simultaneously record fMRI and electrophysiology signals together with
electrode or other probe implants. These studies will shed light on interactions between
the BOLD signal and electrophysiological signals such as local field potentials.
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